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This thesis emdexuvors to exnreess tim behavior of 


ebleetrical fisashtubes in ar anal tieoal ManigPr anc to &valL- 


O@e Useerelative “hporta@mce of operat o: pateemotors. 
Procedure: 


Ppewcec N2cVer Ol procecure Were all «irected *6cherad 
Meeorrelated accimtlation of sienificant cata. Phe nri- 


Mere VvVeriables studied wero voltlace, cupacitance, flash 
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Seecave the MetyOd of procuring and coordinating deta. 
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Pepmres Al throurhn aVil st.o§8 the means Ly whic!l: datkh Was 


analyzed. 


Results: 
Nithin the present practical area of flashtube oper= 


ation, the followlng empirical expressions were derived: 
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LNTRODUCT ICH 

The electrical flashtube is a device which con-= 
verts electrical enerry into licht ener,y. This con- 
Vereion ig not complete, but u ilarse portion ot th 
electrical energy is converted into heat, sound, and 
mechanical force. In fact, an olectrical input of 12 
watt sec. and a jicht output of 4800 limen soc. would rot 
be uncommon. The ratio, lumens per watt, is called the 
efficiency, and an efficiency of 40 is a ood operntine: 
value for nost applications. ‘The duration of the Vlash 
is of the order of several hundred micro-secondcs. 

In order to obtain these characteristics, a capaci- 
tor placed in parallel with the flashtube is used ag the 
electrical storase element. It is charged to a certain 
value of voltage and subsequently discharsed throurh the 
flashtube. This process can be repeated indefinitely with- 
in practical limits. A flashtube is simply a glass or 
quartz tube filled witi, sas and Incorporating two electroces, 
one at each extremity. The sas cen be one of several; 
emo, liydrogen, Xenon, and krypton are typical, although 
Aenon finds the most ceneral application. Flashtuhbes 
are constructed in many shapes. “everal straight and 
curved tubes nave ween developed, although it has been 
found that such shapes as the hellx or spiral cive a 
more concentrated Jirht source. The lengths of tubos, 


whatover their vitimate forms, are creat conpared with 
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their dlameters. 

As micht be surmised applications of flasintubes are 

Giverse. The various factors which determine application 
are tube efficiency, spectral distribution of lisht output, 
flash duration, size and type of power supely, r gredness 
or unit, ability to repeat flashes at given intervals of 
time, and number of flashes obtainatle durinrs tube life. 
In a given application it is impossible to obdtain the best 
of all factors. “any factors may be entirely unirmortant 
in comparison with one salient characteristic which may te 
essential to a siven application. 

Specific exarnples of the application of flastitubes 
Beoeserial nicht photorraph;, stroboscopic photogranhy,, 
mate anoproach lirhts for alrfiélds and aircraft carriers, 
OnG electric circuit trigeéring with photocells as detectors. 

Proper design of flashtubes then is important, and 
it should be as precise as possible. At tne present tine, 
flashtubes are destgned through knowledge of past perform- 
ance of flashtubes of known characteristics. uantitative 
relationships do net at present exist amonz the various 
physical parameters such as tube lenrth, tube dlameter, 
voltare, capacitance, tyre of fas, gas pressure, efficiency, 
spectral distribution, and flash duration. Desirn is con- 
ducted solely on an épirlecal basis. 


This thesis attenpts to acconplish two objectives. 
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mae Glaneter, volta’é, capacitance, end officienct. Tie 
flasatubes used ure struisht. asa total of LUnires sets were 
constmicted of flass, all of wnich contain Xenon at a preg- 
sure of 15 centimeters of wercury. Lhe cinenstons of the 
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Tube Dinensions 








wet Inside Lenth between electrodes (inc es) 

Hurmper Diameter NoriLrial Actual 
(inches) _ RENE Ofna 
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}ROCKIAME 
Kethod Used fia wutwatning Vata: 

Ir a discussion of methods of obtaining data it is 
necessary to state the limits within which the experimental 
work Ls conducted. The quentities to be evaluated wore 
lipght output end ocleatrical power input. Measurement of 
light Flux presented the qreatest problem. A General Radio 
antegrating Lirhlmeter, Tepe 1501-4, Serial 7115 was used 
mo measure Licht flux, tie final result being light flux 
ir: lumen seconds. The llyshtmeter and its use are discussed 
completely in Appendix Al. 

The detecting device in the lightmeter is a pnoto- 
cell the surface of which is nost sensitive to wave lengths 
in the blue region of the spectrum. ‘The light output of the 
flashtube occurred toward the blue region of the visible 
spectrum. There was gooc correlation between the output 
and the detecting device in this regard. However, it is 
possible that the light pulse tended to anift along the 
frequency spectmm as the energy level changed. It is also 
wossible thet the photocell became ssturated before the 
peak intensity of the light pulse was reached, This pos- 
Boor tity is illustrated by Fimure Ii. 

fi.is means that a portion of the Tisht output would 
rot be detected. Fhotopsraphs of the lignt pulse Were made, 


anc it was found that the peak intensity fell within the 





rpanjre of the photocell. This ther was not a serious limita- 
CLOW. 

ihe light meter wes not capatlo of measuring total 
Ti72.L output from the fléshtutre. This could pave been 
BcOo@nplLisnéa only vx the use of an intesratine sphere, Ine 
lifttueter was actuslly used to measure horizontel candle 
power. If the flashtube were considered a point source with 
unifors light output, the conversion factor from horizontal 
candle power to lumen seconds would be 4Tr. The distance 
between livl:t sovrce and detecting device in tnis work wes 
kept sreat enous) so that the flashtube approximated a point 
source. “The cistribrtion of Light output was not uniforn 
because of end effects at the electrodes of the flashtube. 
For this reason a conversion factor of 10 was used instead 
of 47, ‘thia 8 a reasonable assurrption; moreover, relative 
ezfects were cesired ore than absolute quantiticsa. Since 
Mme factor was applied unlrormly, the results of the work 
are not jeopardizsed, 

It was impossible to obtain absolute values of light 
output. Arain the relative effocts were of prime importance. 
The vital protien was to be able to repeat readines from a 
known standard, the standard bein;; General Llectric's FT-214. 

The Ji:l.t meter was celiLrated to the standard lamp 


Which: is cisplayed in Mircure I. All dats therefore can be 


repeated if tre standard is assimed. Lt v:ust be romenbered 





// 


then treat all subsequent development is based on tais 
standard and not on absolute quantities. 

The final limitation of possible significance is the 
residual voltage that remains on ths capacitor after it 
hes discherrsed through the flashtube. It may amount to as 
much as 100 to 200 volts. However, it was impossible to 
measure this voltezge beceuse of the charecteristics of the 
voltmeter and beceuse of the recharging of the capacitor 
immediatel; after its discharge. The residusl volte-e was 
necessarily neglected during the experimental work. It 
appears as a limitation for all of the data. However, it 
is felt that the effect of residual voltage is relatively 
unimportant. 

In order to restrict the fleld of experimentation 
within practical limits, Xenon was used exclusively as the 
tube gas. Furthermore, the pressure of the gas was held at 
15 centimeters of Mercury in all flashtubes. Tubes were 
all constructed of glass tubing, the inside diameter of which 
was kept as uniform as possible in manufacture and measured 
to the nearest tenth of a millimeter. Detaltlsa of tube manu- 
facture are included in Appendix AS. 

In order to obtain the essential quantities for this 
thesis it was necessary to measure accurately light output, 
voltase and capacitance. Techniques of measurement were 


developed so that all errors in measurement were reduced to 


1G 


Computations for these values are found in  ppendix b. 

These ideas did not lead airectJy to the solution as indicse- 
ted in tnis thesis. However, the intermeciate work is 
considered important enough to be included as part of this 
investigation. Consequently, jinpendix 4:4 contains this 
preliminary work and an attempt is made to show its pos- 
sible value. 

Data was accumulated in the form of an efficiency 
curve,/) versus V, for each tube with its cénacitance as 
listed in Table Iii. oa family of efficiency curves for 
gach tube set was plotted for enalysis. nese curves tire 
illustrated in Figures V to «. It should be emphasized et 
this point that tne efficiency curves within a family are 
related to each other by the equation 


a 
=e 


LC = Constant (1) 

The portions of the efficiency curves illustrated ere cone 
Sidered to be the useful portions for practical work. hey 
are bounded on the low voltace side by a revion where the 


«~ 


voltare is not sufficient to cause tne caunacitor to dis- 
charge throuen the flashtube. The hich voltzge boundary 
is established at a voltage beyond which the tube is likely 
to be damaged. 

Prom chese Taémilies of léf ficiency curves, «nother 


family of curves was plotted whicn wés @ representution of 


Length versus Voltavze for conscunt efficiency within che 
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equation (3) an solvins for ke. IMLS caloulation is made 
Poiwieeriixce, The same oroccedure Wwac used in gute pting 
wemeevertine ohe intberckot b. “x@eriment«!] values of b 
Meee POL UEC oS iuncel.om of eflticWercy with VCL as the 
parameter. The results are illustrtted in Fieure XVil. 
fig form of the curves rendered analytical analysis im- 
practicable. &n Gpoprcoximate torf for b was devised, and 


mn fiture aVil. Tne derivation of 


te 


Meeealso is illugtratec 
foes $Orm for b may be found in .opendix B. 

In orter to stucy results, various values ror VCL 
were used. The variable here, of course, iS Carucitance 
merch served to vary the enersy level at which a tube set 
was operated. These values of Capacitance are listed in 


mole ill. 
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3 = +4 wave Meee ver s ‘ » » ie. 
Meam cs flas'.tube benevior withied i 


Sota. Ss eu bie 
of tre thesis Yhe exrresgior 3 far | - akin 
AAS 4a s at cae As ad ee if uUppPeay er) ae OW & = 


“aA 
mim error fro experinental results of about five pergert. 
ane second fora of results is in the natiire of 
observed piicnomena. T..ese phenomena will be stated and 
an explanation will be at e-pted where possible in tie 
Discussion of Results. 


The empirical formulae derived from experimental 


data are; 








_ 8.5 
/ Bae ees (2) re D*] (6) 


Equations (4) anc (5) are extensions of equatior. ‘ome 
with m and b defined. It was impossitle to appmxime te 


b by a single expression. Consequently, two strail@et lime 


of 





approximations were used. ‘he transitior. point between 
the two rerions is indicated " equation (°) fron the 
simultaneous solution of the intercept exoressions in 
equations (4) and (5). 

The efficiency verss voltaye curves, for a sincle 
tube with capacitance cs a parameter, possessed cinractor- 
istic shapes. A sinsle curve is rouchl: parabolic in shape. 
It rises to a maximum efficiency and then descends as volt~ 
eee is incr®ased. Tie escendine end cescendin-~ rortions 
mepeer tO De roumaAly symmetrical Tn the vicinit~ of maxi 


Me? Otiiciency about a constant voltage line throuch 


‘2 


4° ¢* hd 
aL 


Maximum efficiency point; or where, 


A” 
dv % 


As capacitance is increased, the maximum efficiency 


(7) 


increeses but not in a linear manner with capacitance. 
The maximum efficiency occurs at lower voltaces as capaci- 
tance is increased and the slopes, dn /dV and-ON /dV , 
increase in the directions indicated. it is tiis rerularity 
in benavior that encourares analysis. For a pictorial 
representation of a fanily of efficiency curves Tor a single 
tube see reference (1) in Appendix C. 

The most important aspect of flasntube behavior is the 
mem. of enersy that can te converte! to lient in tue 


Plesiitube without damare to the tube upon repetitive flashing 


os 


Damase is matifesieu JF nr cxtrestely minite c_ecl.démwor! 
of cracks in the ¢luss twWe. This ts called "ere zin" 
it was observed that cra-in™ Sirst be-’ns as a cipciular 
eraek wiose plane is nerpemeleular to the lon*-> axis of * ¢@ 
P2080, 7206830 Pons SeMle rearwic tip of tie elects, 
era as crazince increases, “le crecizts spread towar. te 


Sever of the tube. “Ns crazin: becones Mlore sovero, i2% 


Mbor poutern is lost. “At no Lire Was crazii: ovserved 


= 
©) 


to occur behind the electrode rorardless of  ..¢ severit of 


at 


Meegine. iturthernore, cragin. did not affect ae oneray a. 


eee cone tube in any maser Weatroever until it had pro =Besseaq 


to such a cegzree that the lass Was no lonver transparent, 
At this point the efficiency dropped, presiiably because 

of the filterinc effect of the crazed ‘lass. “everely 
crazed tubes were re-=flasied after several weeks or ine 
activity, anc it was ciscovered that efficlerncy was not 
Mmeneod, iTlis indicates Lat tne cracls were ~ot grea. 
meets to nllow contemGa@n.on Pro. oltsice alr. & Pucpon= 
Merence of experimentol eviterce ircicate. Mwt crag 
Mmeenot occur 102) artes Me pons oF ts @Fo-lcleme™ curve 


~ 


Peersacived. vatie IV lists the vurlous quantities iAavolvea 


fant 


Bt the point where crazin- was first observed. This table 
ig included to sive the reador an ices of relative im eo- 
metudes of voltare, capacitance, eirficiency, an@® Qherg, 


input .~* 
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Demers —8 oxcitec. %'n tie otier two causes co1.Lae Al oor 


mweoLserved bv a ciaraucte™istic croeniale -lLoWlassoci@ted 


ag an 1 ex i , * 
ee Ox: © <«f.C0 uilliewmemce betwee: the tio cases is 
os oi a ae 2 “ - Mo a : - *° wt = * W . . ° 
fee CGY OF tla a yormit cl Peale “low, wie Yee 


S 2S5600c. G06 Me te COmlea 218 70.0)1, 2rG revorla. 
Meee be OPeravoll. Ulement.on of i:ipossitle i2.¢i/ core 
MeeaniLtion is .compkbote. 2: tle plom is c -.ulmmous betycor, 


MeecuUrOLeS, Jui predomiianti: Free, tito lfc cas 


© 
Oo 
ae 
© 
I 


— 


Peed, it: spitd of Bow ey co_ffl culty tiuere avives tue 
Semet. i orences i: Ope cntlon betlwecr. 6 Lube wltn tabs @¢e= 

Pew of cortuiimation amj a tube witli. little or xo comic 
Peerett,s A Lune exitivetin: contapifation asgocleted lbw: 
walrc class Tires well at low voltace anc operates con- 
een vl £4 Gill uner-~; levels. ‘whe only siiemil icaice twa 
Meeceninabi on t.as for 1: 1.8 caso i9 tint it is Cetactacie, 


An unusual circumstau.ce was ioteu which may possess 


fa fete? ay to.) . Pe ee ae + ia. ee 
Mee |S Nil lcambesc or ay eaperinenter ore asti te Ta 


oa 7m my 4 Meo. Le ~~ oF + ~ a4 Sara . rc 7 % os - ! na a) 
Meat Or’, dtmeghetecl: altor pus pin. anc CUur.nges foe 
as % wr nies P ge s yee ; x % 
ioe, tle 2.8 Was excl tad. the characterievl_c bluism® @ilow 


Meenol permcated tie oMLire tube WET: a somewac mabe 


hmeocise low Lt: v.16 line between electrodes. <Aitcr “We 


Pevpe was flesine. anpiroxivtiatel. fifty Limes, tl.e,pas Was a aay 


Beeeitedi. tt was fourld thut the -loW was all concentvaved 
f 


in the line between electrodes, and never avain ciurin= the 


tube life did the all pervasive «low appear. 


oa 





A final obserwiition with. ma: i.e associated wit) 


“~ s 
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Bis contariination Boas made wale tarin-: readin-s of 12 Bye our 


$ i 


put. wien repetitive flasities were made witm identical 
fopacitance @mid voltate on one tube, tr.e first fleasieyou 
very often indicate ai increased Licht output over the series 
of four or five sipposedly identical flashes. “his occurred 
most of%en when the tube nad not beer in operation for lor, 


and it had not been heated by repeated flashin~. 





TABLA IV 


Tdbuleation of Parameters at Foirt of Crazing 


TuDpe *LOCAtLON or, Bp aemege. 
ies yex Voltace bier, lnipwt Curve in elation To 
Volts (.att seconds) reak 
34 - 4 1300 een on peak 
Pe: Sas 2900 ome acter 
oc CU $1208. 115.0 after 
4,6 - 5 1200 aera: after 
4,6 - 4 Looo 101.9 after 
4.8 - 5 L900 A Gig on peak 
5.0 - O 1190 PIO SL after 
5.5 ~- 4 1300 Leo ee before 
Rem PAG aI, 242 6.) arter 
+ "after" or "before" must be defined as sglicntly after 
Semeee tl before, that ‘se ata value of eflicleme, vewe 


‘ttle less than the maximum value, anc at a iiilsher or lower 


meee of voltarce. 


JO 
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DINE LOL OF [apr 7° 
puffieient Ciscussion Las been v~iven to techniques of 
assembplins data in other narts of tie theais so that « dise 
eussi@:. of results enulc very weolliwesin wit. a realtzgation 
ial mecsprenent crrors itave beon aininizec. Data obtained 
Mere u:e elficionec: curves of “isures V through KX mas romeon] 


~ 


ably consistent. Data could be repeated, and poor cata 


ple 


could be detected vy various rrans. ile authors, thre} 
Pore, Sre conrident of tl.e reliability of date with certain 
exceptions which will presently be discussed. 

Tne selection of a coustant CL, capacitance in \:icro= 
farads and length in inc es, for relating data amons tubes 
of a siven diameter was a hapsy coincidence. It is def- 
initely an outrrowth of tke original concepts involving 
proportionality between Voltavce snd lenrth and proportion-~ 
ality between input enereyvy and tubve volume. “Vhese concepts 
are covered in more detail in Appendix A4. The selection 
of the capacitance ranve was somewnat ar-itrary, although 
the selection was tervcered by previous cxperience with 
gimilar tubes. Vhe value of C = 103.56 microwfarads for 
ture 36.4-2 was usod as a kasis for computince all otner cap-= 
acitances. 

Ain inspection of the efficlene; curves of FPirures V 


teirowsh X% show8 a regularity of terforiance amonm™ i1lagh- 


tues of one Ulameter, bet vuryine lencth, where Cb Is 








maintained cons time?. -§ VerUlerlt: Tends its@lf read- 
di tO enalyaee, It O08 Peed state. that a faalke br 
efiiciency curves for one tulc howe spec'fic cWaricter- 
istics wnere capacitance Is varied. Where tube len-tl: is 
also varicu in a set of tubes of one dianetor, env’ canaci- 
tanice is varied inversel,; wlth lenfth, tha shorter tubes 
with higher cspacitance reach thetr maxima at lower volt- 
? 
ares.  .helr ascendin= and dascendins slopes are freater. 
Pits bohavlor conforns to that of ce sin-le tube effictenecy, 
Pariivy. Cne important cifference may be noticed When the 
Sinele tube efficiency fanmtlv its extended to include sav- 
evel tubes of varyine lenrth. AS capacitance is increased 
Mea icycth consequently Teduced, the maximum efriciency 
meet ist lowerod. -;or e sinele tube efiiclency saeiily an 
increase in capacitance brings with it an increase in 
meek efficiency. From the curves of 
Uisplayed in Migures V aud VI it can be crxncluded that 
es Jenzth increases, the maximum attainable efficiercy ine 
creases. The maximum efficiency must occur at a ii der 
voltage, however, in the case of the lonrer tubes. It 
appears fror: eee two ficeures that the Increase in value 
of the maxirium efficiency with Increase of lenreth tends 
to decrease. Figure VI representa identically tne condi- 


tions of Firsure V eaxcept thnat the capacitance rane has 


beer doubled. The waxinrs Ciave all been increased over ti:o086 








ca 


Oo: Fi®ure V. Moreover, the increase in maxima with. tn- 
Because rn lenr-t!. ts “ere pronounced at this hitgner capac: = 
tance rakr-e. in tids Insnection of the 3.4 set the data 
for the six ine’ tube must renerally be used with cis- 
cretion. It occupies a relative position whieh tndicates 
Meo .ts capecitance Mes too iia. It ls definitely latown 
Mie bie capacitance Wus correct for this tube. Tthe®resuls 
cannot be explained, tut © possible variation in proces~ 
Mens tl:e twbe may tiave caused its unusual benavior. 

whe implications to ®e drawn from the efficienc~ curves 
of Figures V to A are nany and varied. it must be ree- 
membered that they were constructed for the specific pur- 
pose of facilitating quantitative analysis. Sufficient in- 
formation is included with the curves to enable the reader 
to make a study suitable to his needs. The study presented 
for t2c 5.4 set is offered as a ;uide to thoucnt, This 
Sane study can be applied to set 5.5 in Flreures VIIT to X. 
All of the discussion thet was conducted for the 5.4 set 
applies with equal force to the 5.5 set whose dianeter 
bs freater tlun thint of the 3.4 set. in fact, trends that 
were presented in the 3.4 set are “ore prov. :..cod for this 
increased dianeter. in passin:, it must be noted that tho 
capacitance rane scr the 5.5 set of VPisure X was computed 
on a proportionality basis involving the squares of the 


inside diaseters, the base beiny tube 3.4-2 at 105.56 micro- 


farads. The capacitance range of Fi;ure IX is onewhalf 





GJ 


ot. ee > Ts , “ : , : <- 5 
feet Ol PiPurec 3. le CayeecivueMce rathiGe co Sicure Viti 


4 


= 


Mmeeveentvical to Wat of Bagaimwe VI. TieGres VIII nue 72 
re 


es rm + wd sed # 4? Pe aw Bs ie F 
Were plotted for u specific purpose which will appsar leter 


meaevoe discWSsloms 

Before leaving the subject of efficterc, curves {t 
is necessary to explain the results obtained in tne 4ec 
set. “he efficiency curves for this set ere plotted in 
mivure VII. while these curves indicate the general trerds 


hs | 


previously ciscussed, tic data Aid not tndieate the rerue- 
lich was so helpful in tube sets %.4 end 5.5. 
Consequently, it was decided to concentrate effort on analy- 


ar A 4 


sis of sets 2.4 and 5.5. Ythe effect of diacecter was nore 


Seeeouncces tor these setae Arter performing tl.e analisis, 


roe sect 4.6 Was investirnied in lisdst of thie derived 


~ 


formula. wandon efficiency points were used for cach tube 
fee Se set, cwne efriclency ana voltae was Labulated 
for tneso points. Usins equations (4), (5), and (6), observed 
etfleciency, tube len-th, diametor, anc capacitance a cal~ 
culated value of voltave was obtainea for cacti o»served 
6ificitency. An efficieney wag then obtained fron Ficure 
VIi usin: these calculated valuss of voltarce. These 
efficiencies were finally compared with experinental ef- 
ficiencies and the error tabulated. ‘Vable V shows the 
results of this work. It may be noted that the neximum 
error involved igs ©.2%. «while the data of FPirure VII ap- 


nears to be wuraanecable, it muvuat be emphasized treat the 


errors tiuat caused this Lehavior were relatively analil. 
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‘po a V 
oe ae 


Approxinate Formulae Applied to Tubesget to. 4./ 


a rerc@@t orfror 
€ V V ecale. Tor V calc. Gomes 

BOT 500 494 Sls O 

2 900 R40 393d -“1.75 

a 250 O57 ae O 
4,04 COO 534 a a 

s 750 747 SO O 

Q 1050 ple 6" 39.8 -2,7 
5.09 £50 597 Slee 3.9 

‘ 1050 1205 43.6 E.2 

q 1300 nes sy! 46.1 sae 
&.20 1000 hose FG! AAS 

12060 1234 AOR tS 1.9 

y 1550 1483 44.5 ae 
Veke 2200 1306 BO 6d tone 

7 1400 1540 7 ia | ar 8) 

u 1550 L725 49.55 5.21 


h » L and V =- From data. 


V (calc.) - Calculated .oltace usin; approxi~ate 
formulae. 


n for V cale. - Chtnined from data, enterins wit: 
Vicale.) to mearest Sift: volts. 


Percont Error in / - based on i] i vom toe data. 
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A recommendation for further experimentation would be to 
select a wider range of tube lengths and diameters. 

The primary desta used in subsequent analysis appears 
in Figures V, VI, and X. Voltace was plotted from these 
curves as a function of tube length along constant effi- 
clency lines. The constant efficiency lines were erected 
in all cases below the maximum points of the tubes used. 
Figures XI, XII, and KV show the results of this procedure. 
Both individual points and a fair curve are clotted. It 
snould be noted that if the efficiency curves were plotted 


in their entirety, two values of voltesze would appear for 





each tube at each efficiency except for one value at maxi- 
mum efficiency. It can be seen that as the maximum effl- 
clency of a given tube its reached, the slope, dn /AV » ap- 
proaches zero. This appeers in the voltage versus length 


curves as a departure from the straight line as tube length 





4s reduced. Since two values of voltaze can be obteinsd 
from each complete efficiency curve, it is possible to 
obtain two curves of voltage versus length. However, only 
the ascending portion is plotted and used. The descend- 
ing portion of the efficiency curve is of little import- 
ance in this analysis. It should be noted also that as 
theeffictency line is increased, short tubes begin to 
disappear from the plot since they have reached a maxi- 


mun value below the efficiency under consideration, This 





si0ws cleariep tl.ev if a covtelt ofSimic:.® is desic 
Po: a2 tuoe ol mivon diwnucter, it -4a Lo. Mecessary 
mst preater lensti both to obtain the destrec effic 
and to operate the tube safel;. 

the upward ewinr of the voltage versus Lleneth 
at small lengt.: will always occur as the -axirnia of 


efficiency curves are approached. 


hid 
’ 


cevarture from Llinearli+y occurs in the voltave vers 


Meee: Curves is offeréds tentatively aB a limit for 


operation of the flashtube. ‘“*o calculetions are of 


@emcctine tMis potnt, 21lthourh future Worl: nay ind: 


Pierce are no boundary conditicme Indieatod on 


feecace versus bent. plots at tie miwh vollure end 


4-6 


ed 


Co 


Long 


Curva 


the 


fered 


cate 


bie 


4“ 
a 


of the 


Straicvht iines. here are indications In the 5:4 set efr- 


M@eecnicy curves tliat w» limit does exist. iiowever, 


Mmrct is not of immediate concern sircs equipient «= 


4 


oS 


DG tC a hae = 


ment linitetions will prevent rapid and thorousc,a analy~ 


Sreeot wie hijh voltages lian efficiency rev-tons Lt 


reasonable to assur.e & high voltase, efficiency lin 


t s@errs 


Lt since 


efficiency probe uly will not increase indefinitely with z 


Jlenecth. This hist efficiency region will be of future ine 


@emeat undoubtodly, and this work indicates the pat 


followed. 


ad 


[Ir deriving the equations vresented 1:1 tie rae 


4 (oO De 





erly “Me eliress portions of 6 volTafe veorevds lenet 
eurves aro usec. Jn ract, tise Linear portions are 


eeerapolatec to zero len@th with the full nealizatio: 


= 


that this approximation sa»proaches reality onlY as th.e 
Be icieryey level is recucced, If the expressions result- 
Mee tron cis thesis coulc @e combined wit! ano@¥er c= 
@reaslon cefining the lower Linit of each affichency level, 
Clue tLe" WOuUlG have Sm@eec. finer solwtior. 

~O pursue the analysis, straiflt line equations were 
Written to exnress tie voltaze versus len,;ti curves in 
their linear region, which region is thoueht to be guite 
extensive throuch the hiaher lengths. The rosvlt was a 
series of equations which expressed the slopes of e6ac:: 


line and the intercept on the ordinate at zero Llensth. 


“hese equations originally were written fc.» Figures XI, Ali, 


and XV. “liese equations in themselves were not very illum- 
inatins. <‘owever, it was discovered that if the oxperi- 
riental number exvnressing the slopy m, of these lines were 
plotted versus efficiency, a significant relationship be- 
C@G evident. Tic series of experimental points apperred 
Peep roxiwniete stLraivwht linecwm all o. which paesced throuyth 
BeeeeOr es ir. Lt Was evicent fron tiis plot, Micure AVI, 
eee thie Cl, number Wes important since it Was the only 


bd 


variable tnut appeared to influence the slope versus of- 


ficiency curve. The expréssion for m appéarea to bé of 
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a 4, #(47,C,L) (f,) 


wnere kz wus a proportionality coustiit. PL 


error thia Vom: resolved itself into, 


KY 





= h (2) 

VC L. 

this form expresses tie slopes of toe voltare versus lercth 
curves vory satisfactorily indeed. An inspection of Fri-ures 
Xi throug) 7.V stiows that the discrepancies betweer the cxal- 
culated slopes and thre experimental slopes are less WV .an 

the errors involved in exnerimental -icasurenent. It was 
fees point thet tre Wrmortafice of CL was roticed. itis 


oe 


Rese | 
_ 


feos its vse on cac! tiegenpns ac a d@ecriav ve 


Bemeeor instewm. OF Cl. at ha, b@ Celt ti:at che e@Poct of 
tube Glaneter has not beer: udeyuately trdeto. ti. tiiis aeri- 
Meee, 125 samc iced occurred to the uuthors dvurime ate 
Peprivetion os tWwe slopo e6émpress:on. It was deeided to tpist 
Por G.aretor effects by flashin?® tube sets 3.4 «nd +.% WLtn 
Meeerent Ci, 2tnpucitance = leritth migwers. Shvureg Vill, 
Mee kil), avic LIV s'icoW tie resulis of Sf46e Work. Tie con= 
Sesion wis ui.vw™ the Gl, a@mdmber and not the @liameter clearly 
Meeroesked tho slope carncopt. Am examiMation of Fisvires 

ASl end KIII, wi.ere te CL nunbers are essentially the Same 


Publ Gtanetears uM different, reveals the Pact that tlhe 


Slopes nre €138° essentlall tine same, 





fans 


The analysis to this point had been so dcirect and il- 
Seretaw.i Veet toe autiiors held nich hopes for ‘sa s#aple 
anc revealinm exposé of the complete expresrsior., Tonseauenrt- 
ia, Melos gizilar to Lhose seq Ln @xXpressi eve oe 
were used in analvzins tie intercept numbers. It becsne 
mecrensSi@els ovident Tat a sMiile exnression Sor tie 
Mepeerce>., DO ~meee Tictb exist, Pingiee AVIL Sears of 2K 
montal points and rairec curves Yor intercent versus ef- 
Pec.ency,. iste points plotted are only Yepresentative ongm 


me) 


Si.c are o no mears all of the obtainalle voints. An cxar= 


ination of Pisure AVILT shows e@ ratpver wide dispersion of 
# 

points. It should be renembered that these points are now 
obtainable tirouflh experimentation. They represent the 
voltage that exists at zero lerngtn for the voltare versus 
lenvth curves. It is inevitable that the plottec vnoints 
be widely Ulepersed since many approximations and assu.0- 
Mmeons ero necescary in order to obtain then. An attenpt 


Was mace to express the fair curves in the followin terms; 
_ x 
= a/4 (10) 


tee 


mere x is ar iiknoWn e-monent, “Me curves coule %e ex= 


Meescod by tnis relation only for very titi vulu@eeol x. 
SP) 
ai fact, xX Become. to approximate yey, for both the 2.4 and 


af Bla 


Meo sots. Vhis larre exponent viclded a nuribeFr so “reat 


Or (4 that the practicel use of the expression was 
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proawreticd. give vils amelgsir, y@itdcc of Y Cr 

YaS investi-eted. Toints for eac) tube diameter ro-urd~ 
jess of YCL tendued to plot on the sane curve, Iie un- 
reliabllity of the data consequently made it neecessar: to 
assyrne that YCL had no practical effect. ese reasons 
indicated that an overall approximation would be the onlr 
means by wiich an analytical expressior: for b could bo ob- 
tainec. rhe only clearly discernible parameter for tte 
vlotted points was tube diameter. Consequentlizv, tube dice 
fever formed thre basis for tte approximathom, TRo stratent 


3 


lines were essimed “or tre arve oo” afc 


a 
4a) 
ee) 
ee is 
b 
© 
ty 
Oo 
cr? 
3 


~ 


. ae - oy 2 
meee aoe Stra 2). 


or 


lines fWfere s.bsequentl ai usteu to Bear 
b. 


Peeeressiole relationme@litps amon-~ tic salves u*.™ to anfroxzi-= 


[Meer oie cate witl reasonable accuracy. Pve Jerivallom of 


Meee apressions for b ig illustrated in Apseruix BP, and tue 
expressions are also stateu in Mipure AVII. Che createst 
criticism ti.at can be mace or these expressions is tyat 1. ce 
feidt to ecapress the intercent adequately at ver; Mii. ef _czen= 
fee, ic intercept tenus to become asmeiptotic tS e con= 
Seent efficiency line. ‘This constant efficiency asy~ptote 
Meeeiot tic sane for tubes of different dLometers. 

i this Oxpre@eio% for b Le examined aS @ pavtvor 
the total equatton its errors are found not to ve pro-= 
Mibitively larze. Voth» experimental an calcnuiated veluecs 
g 


Pere enciceted tn Firures XI tlrourn AV. —ne colewmlated 


valves ere expressed tr equations (4), (5), and (4), an. 
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+0 ee be seere that tie. fiterénce #@twoary Wc utul*“a ea) 
expressions anc the experimentel curve rarely exceeds 35. 

rhe above clscussion conpletes tme work involvec in 
obtaining an expression for ctuive behavior witnin the res- 
trictions of this thesis. As indicated in tie section 
devotec to results there were observed effects wie: rirht 
be termed "incidental" but which ney hold rreater si, nifi- 
cance Tor future experimenters than the analytic expressior. 
the subject of crazine is important. Any analysis is ex- 
Beemely dirricult since crazimm ca: first occur at only 
oné point for a viven tube. After that point has teen 
reached, it is possible to evaluate the cesree of crazin; 
Brady in a qualitellve “ianner. 

20 Pas cound that crazin™ gol rully emcurred De “one 
the peak of the cefPficleney curve reravdless of t':e voltuye 
or capacitance applied. At low velues of cepacittance 
the efficiency curves are quite flat. Consequently, it Is 
Smee cult to define thie maxitiumm point exactly. ‘Whe ideas 
concernin;: crazing shovld tierefore be tested in tie low 
Gapacitance region before the ideas ave Coe completel:. 
Since an investiration of crazins was an incidental part 
of this thesis, all tribes were crazec before tis experi- 
ment could be conducted, It is }mown that the number of 

£ 


flashes and the Slash rate durinc a tube's life is definitels 


limited. The onerity level at which tho tube is flestied 





enters imto tube life also. w#he quantit: which. ‘has beer 
of greatest Interest has been tiie efficiency end enerm 
devel at wiich crazing first appears. Consequently, tie 
MeeotiOn of ube life ufes not enter the problem directly, 
Tie flashtubes usec in tiie experimental wor: were not 
testec for total life. “ne: lhave all been crazed to a 
eertain c.itent, and all tubes t:ave teeny tlastied at least 
wWor-liinarec times Lut not more than lToureiuncredc tines. 
shere arceai's to be no correlation Letweem nuiter of flasties 
Med Ge rec 37 crazing in this @xperincert. 

Contamination of flasl:tube cas is a suvJect wiich is 
difficult to study in amy but a qualitative manners The 
observed effects in the experlmerital work are steted in 
Mesults. there is little more that can be added to what 
has already been stated. 

Many experineéenters believe that the currert dénsity 
Mecne flashtube during the disclLarge tolds the solution 
Pomaieasntube operation. jAothink in this tnresis tends to 
disprove this idea. Casual observations were ‘n% Je to dis- 
cover wether or not the discharge fllled the entire flash- 
mee 60 dcpartuve fro: a full flash was observefl, el- 
Beem. it’Wwas noticed tnt tie BWischavce extended only ve- 
tween the tips o* the electrodes. Tiie “lash »ouncary was 
Peer cut, and it existec as a plate’ perpencicular to Tne 


axis of the flashtube at tie olectrove tip. 





researc. 


Tiere are ratBlopnortumitics ~h-@krtesecr 
mo Ouse OT Sie Oe ee a 


tromit. Id@as 


Plime ioe OperaTlon, anG 


- * rmequ’tys 
ear, be folred 


ee 
muei: valuable 


are presented im Recom cndations whic represent t'e¢ var- 


ini oS Cio. 
L 


tlainl: coule cive 2urtiier 


fous courses tiat the autlinors 
If tiie Nad pernitted, «am of tiese iJdeas 


meroriwation. 
woulc nave been exploited. 
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ie The derived expressions define flashtube behavior 
witn a maximum error of approximately five percent. 


Tnese expressions are: 
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a + 13 D's (4) 
eT / J5 UL? 

mc cys 

= pr [9 ~ Ss (5) 
CL pv 

p = 8.3 
D” [1-10.12 D) (6) 
oa The expression for slope of the voltae versus 


lenzth curves cefines tnis quantity accurately; the ex- 
pression for the intercept of the voltage versus length 
curves is an approximation to the actuel intercept be- 
navior. 

Oe No simple proportionality concept exists between 
voltage and length end input energy and tube volume. 
The product LC, length in inches snd capacitance in mi- 


cerofarsds, is important in defining flashtube operation. 





te @ if LS ais Meld constamt for a serbtes OF © wes of 
constant diameter, tne maximum attainable efriciencyv ine 
creeses with incresse in len ‘th, but the volta-e for 
maximum efficiency must also increase wita len ‘th. 

De If dismeter is increased, iiigner efficiencies 

are attrinadle for a Jiven tube lengta. 

on The boundary for safe operation of a fleshtube 
can ve asteblisned as tnat point at which the volta.e 
versus length curve departs fron a straight line. 

Te Crazinzg of flashtubes senerally occurs beyond 
maximun efficlency regerdless of voltage end capacitance 
applied. 

ae Crazins does not affect tube operation spparently 
until its severity causes a filtering action of liztht 
output. Contamination through crazing was not observed. 
9. Contamination of tube 29s apparently effects only 
the starting qualities of the tube if the contsnination 


is only partial. 
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le The solution to the problem of flashtu e operetion 
as presented in this thesis applies only to whet its tormed 
& prectical operating ranve. A more seneral solutioh 
Weent be possible if tne equation for the consl]ete effi- 
clency curve could be written. The authors believe tat 
this could be cone within the limits of this thesis. wore 
informetion 1s needed i.: tie rezion beyond maximum effi- 
clency. Tubes should be constructed of quartz to ninlinize 
demaze in this re,siou. Tne proposition concernin, erfi- 
ciency curve synmetry could also be fully explored. 

ae A greeter range of tube dimensions should be used 
with larzer gradations between unlts in order to prevent 
obliteration of significant fectors through small errors. 
a Tne ratio of lenyth to diameter should possess 

some significance since it is a number whicn defines feo- 
metric similitude. Future investizgetion might prove this 
number to be a vealuecle peramreter. 

es An investization snould be made of tic possibility 
of Gefining the polnt at which the voltege versus len;,th 
curve deperts fron e straivht line. Tats probrbly will 
entell work outlined in tne first recomaendation. 

OD « Date should be accumulated systematically to veri- 
f> t.e idees presented in re erd 65 crezing. 

De h more detriled stiids stiioihd &c made of She Inter- 


if ~~} 


Getz. o, itt awe sBheenpl LD wit te Pug cxacl sxpreseic.. 





Te ges oressure may very well be a key variable. 
Etudles should be made anong flashtubes with different 
Sas pressures. 

Ss While" rt seems doubtful thet the tyre of @as 
would enter the problem as a simple veriable, experi- 
mentel results can ce useful only if they are venerally 
applicable. This study probebly would serve as the im- 
portant Link between exoerimental results and theoreti- 
Cal concepts. 

oe A study of flashtube configsuretions and reflect- 
ors is somewhat beyond the toeme of this work. A thnoe- 
rouzh investigation, however, should prove of tnesti- 
nable velue. 

iO. Studies should be made of the volteamocre charac- 
teristics of fleshtubes of different desizgns. 

ae fn investizgeation of spectral variations itn flashe- 
tubes could logically be conducted in conjunction with 


studies of types of gases and Pas pressures. 


oes 








Le. Lizht tleasurement 

The light integretins meter used has two filter 
or dispersing discs and as polaroid settenuator beiore the 
photocell on the input side. With an attenuator setting 
of 1, and both discs in place, the meter is fectory cal- 
brated to indicate lumen seconds per square foot. To 
obtain consistent results, several modifications in meter 
operation were found nccessery. 

To obtain the sensitivity required one of the 
filter discs wes removed to allow sufficient livzht to 
enter the meter to vive a meter reading hign enougn on 
the scale for satisfactory accuracy. This did not de- 
trect from the linearity of the meter acess noticeable 
extent as indicated in the table later in this section. 

Since sufficient evidence was found in prelimi- 
nary runs to throw suspicion on the linearity of the 
meter at different attenuator settings, it was decided 
to adjust distance rather then attenuetor setting to 
give the ranges desired. Thersfore a wooden bench wes 
constructed with a fixed meter platform and a moveable 
carriage for the tube mount. On this bench scele factors 
were scribed as indicsted below. 

A stenderd was esteblished, using the moter with 


both discs end an attenuator setting of 1, eat a distance 


Is) 





of 2 feet, (An attenuator sottiae of 1 Was malnteiowed 


taroughout the research.) The tuoe selectvud for the 


standard was an FT=-214 maer«ed "Standsera “io, 5S", St trite 


setting, light output wes equal to tne product of tiie 


meter reading and distance squered, or meter reating 


bimes four. 


ditn one dise removed, distance was adjusted un- 


til the readinys obteined with botn discs ihn were du- 


pliceted at corresponding velues of capsciteance end volt- 


ave. At this distence a line was seribed on thse bench, 


and a factor of 4 Indicated. Teble VI snows the results 


of one such run, 


es well as percent deviation in meter 





indication. 
Bench Calibration 
meter Indication 
Voltage eae ee aren 
Meo Discs’ One Dise™ 
L000 cal ree olay @, O 
1200 $4.3 re +4 
1400 74.0 Vow -1 
1609 105.0 104.0 -1 
1800 141.0 153,09 ~2 


GC = 84,8 microfsrads 
¢ Distance m Leet 
; Distance = 4 feet 4-3/8 inches 


60 


Phe percent deviation shown ‘ts Within the cou- 
bined possible error of meter and repetitive ebility 
of the tube, esch being quoted as withir £%, 

In a similar manner distences were established 
and lines scribed for fectors of 1, 2 and &. fTnis was 
carefully done with a result trat tie date obtained 
Shows no radical bumps or jumps at points where chances 
in scale were effected. 

It should here be noted, as a word of warnings 
resulting fron sad experience, that pains must be taken 
to keep the filter discs clean et all times, washing 

nem either with warm water or alcohol. ifuch date, 
painstakingly acquired, had to be discarded by the au- 
tnors before a policy was established of washing the 
discs prior to each day's work. 

It also should again be stated that although 
the meter was factory calibrated to read directly in 
lumen seconds per square foot, there is no voroof that 
it still does so. Therefore values of efficiency are 
given relative to e standard as indicated rather than 
es absolute quantities. 

Le Power Source 

The power source used is an experimental console 

employed extensively in the Stroboscopic Laboratory. It 


is capable of supslying 4,000 volts across a variable 


Gl 
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Cepacttance of 9.97 to 125 microfarsds, andi hes external 
Lars tnrowivs, wilch more cevacitence may be introduced. 

As s70¥mn in ripure @V, cebecitance ts selected 
oy setting each of tne three dials to values opotetined 
froma a chart. j§=ach cinl has three cavacitor settings 
as well as two ‘off" positions. Tne squipnent itself 
Meee inherent capecttance of 0.97 slerofarads. By 
means of a tepacitance bridee, resedines were tanen at 
each. dlal position, end deviacion tron tabulated values 
was found to be much less than 1%. Tnerefore tebulated 
velues were used. HKechecks were mrde at re 
tervais to ensure there Was no change in capacitence 
values. 

since the voltmeter mounted on the cabinet is a 
26 meter with « ren.e of 5,000 volts, end is difficult 
Meeresd sccuretel., at reletively low volta:es, Weston 
multirane voltmeter Gesicnrted 465.0014 Was rimmed ?ith 
exterirnl multipliers e 1% wire wound resistors) to give 
renzes of O-1500 end 9-5,000 volts. Tne latter is a 
1/2 ~@ meter. Both it and the cabinet metor were checked 
azeinst electrostatic voltmeter M1i2096, which had ree 
eently been repaired and calibrated, and errors wero 
found to be well within experimentel limits. In teking 
deta, since the external center tap of the source was 


found to have been accurately slaced, measurements wore 


taken ecross half the source allowing the O-1509 volt 
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Pamee to be used exclusively. 
De Tube xenufacture 

Tupes used in this researcn were shaped by tne 
glass blowers in lengt!:s as directed, nornel tolerance 
being 0.125 ineres. f1l tubes of one dieueter were 
made from a co™mon lenzts of pyrex tubing except when 
extra tubes were ordered. In tne latter case, cere was 
taxen to maten dlemasters, but wall thickness could not 
oe maintained precisely tie sene. 

Tine tubes received gere then processed py the 
authors followin; tne stens listed in sequence. TIhis 
H~rocessing was conducted usin,s the equipment located 
In the Stroboscoplile waboratory. The steos ars es fol- 
lows: 

a. fount the tubes on the pumping s,sten and 

evacuate then as completely as possible. 

b. mC with a gas flame until the character- 

istic sodiun glow appears, in order to drive out 

the impurities in the glass. 

ce Continue evacuating the system. 

ad. Isolate the tubes from the pump aid intro- 

duce xenon into the tubes et a pressure of 1-1/2 

Cine Dibe 

e. Apply a voltese, to each electrode in turn, 

sufficiently nish to make the electrode ataain a 


red neet ‘1 order to drive off impurlitics in the 


metal, 
f, “Z3troba’ she tubes te fPi.is¥ drivin off 
Impurities, 
mr apoly a vacium to the systea by «eens 
of tiie pump, and evacuate tne tutes as con letely 
as possible. 
he -+solate thea tubes frou the ouNp and introduce 
xenon into the tubes at a pressure of 15 ciu.he. 
1. “eal off the tubes end reuove from the sys- 
tet. 
je “Vind the stertins bands on the tubes. (Tie 
stertings band consists of turns of light wire 
wound esround the tuve alon> the lensth between 
electrodes. d4n this cese, turn spacine wes fro 
3/8 to 1/2 ineh for all the tubes used). 
4 4 preliminary hetnods aud fnalysis 
from the data obvained, efficiency wes calculeted 
and curves of efficiency vs. vclcage plotted. With this 
Mhiorsation, curves of efficiency vs. len.jtn wers plotted 
for voltege gradients froa £00 volts/inch to 350wlts/inch. 
Figure XVIIJ shows a set of these curves for tubes of 
0.217 inch dlemster. St wes found that thsse curves 
forned straieht lizi.es in the so-called useable »vortion, 
and an increasin, slope with Increasing voltese urrdient. 
fowever there apoesred boundary conditions whicen serlous- 


ly limited tie pnossibiltty of writing ar analytic expres-~ 
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Sion. As voltes: Srauient or energy level incress:d, 
tne efficiency curves for the saasaller tubes reached a 
maximun and then fell off. This occurred also for the 
larzer tubes wher energy level or voltese srecient wes 
excessive. : 
In conjunct.on wlth the above, anotner fauily of 
curves was clotted to further tne anelysis and to veri- 
fv data with the idea that the lenzttn to diemeter ratio 
misht be eae more im,ortant value than eitner of tnese 
alone. Furthermore, it was felt that infornation could 
be obteined between sets havin. different dleneters. 
Consequently, slots were made of length/diameter vs. ef- 
ficiency~-~see Figure XIX for sample plot--naintaining 
voltaze gradient constant, and using data from the 
faired curves of efficiency vs. length. On these plots 
the points for tubes of a given length were connected 
by a fair curve. Here a quantitative anelysis seppeared 
to be difficult if not impossible. However, this work 
wes not in vain, providing two measures of assistance. 
In conjunction with the previous plots, good date was 
corroborated, and fault; data (erratic behevior of tubes) 
was exposed. Furthermore, tney served to increase que— 
litative understanding of fundamental oehavior. 


At this point curves of voltage vs. lensth with 


efficiency neld constant were plotted, and the analysis, 


as described in the nain body of the tnesis, ensued. 
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APD: NUDIX B 
ORIGINAL DATA AND CALCULATIVNS 
All orisineal data has been Piled with Professor 
Pee Maoeerton in the Stroboscoric Leboratoryy 
Calculations involved in this reseerch ere few 
Be Ssimlle. 


(1) Method of choosing .vealues of capacitance:- 


V=kK,L 





= iy % Volume 











K, re iz KK Ay AM CONST nee 


. « for gs wtiven set of tubdcs of constant diameter 
; | 
C x +- 
.°. for e given set of tubes of constant length 


2 
Cxw~D 
(2) Wethod of determining slope 


if! 


In t= 
It was first assumed that 


mak $(7,C,L) 





LP) = eee 
V¥CL 
Are ra VEL = 6S 


(3) wietvuod of dever.inin,, inte:ceot "B":- 

In a manner sinilar to that in part (2), avsove, 
straicsht line approximations were :inade tor the 
intercept, essuning tnat 

b=, f (7,0) 
Tt wes sound necessary to use two strei mt lines 
for eaci diameter to minimize tle attendant 
error. For low values of effictertcr 

b= 1385 07 
ror Laver veluss of erficiency 

= Ae. [ Ea 0e0 

pe t De 

To find tae a 5% tata point Jf Was 
only necessary to solve for efficlenc, at tre 


intersection of the two lines 


an = == al e- 7 





i 
D’*[1- 1012 D%] 
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